Collagen accumulation likely contributes to increased vascular and airway impedance in hypoxiainduced pulmonary hypertension (HPH). Collagen exists in multiple subtypes and can accumulate via increased synthesis or decreased degradation. To better understand the individual contributions of fibrillar (FB) and basement membrane (BM) collagen, matrix metalloproteinases (MMPs) and tissue inhibitors of MMPs (TIMPs) to pulmonary vascular and airway remodeling in HPH, we investigated the temporal changes in gene and protein expression in the lungs of mice exposed to hypoxia for 0, 3, 6, 10 and 15 days. The earliest and largest change in gene expression was of type I FB collagen, which was significantly increased over control levels at 6, 10 and 15 days of hypoxia (p < 0.05). Type III FB and type IV BM collagen were increased at 10 and 15 days of hypoxia (p < 0.05); MMP and TIMP gene expression levels were typically higher but sometimes lower than control levels at various time points. Collagen protein content was increased in whole lungs as early as 6 days of hypoxia and increased monotonically with longer exposures. However, neither qualitative nor semi-quantitative analysis of immunohistochemistry demonstrated accumulation of type I FB collagen in compartments of the lung other than large airways, suggesting that other collagen subtypes may be important contributors to collagen protein accumulation. These results provide insight into the patterns of gene and protein expression relevant to collagen accumulation in the lung in response to chronic hypoxia, through which we can develop a better understanding of the time course of changes in matrix biology and biomechanics that occur in HPH.
Introduction
Pulmonary hypertension can lead to hypertrophy of the right ventricle, right ventricular failure and even death. Chronic exposure to hypoxia, which initially causes pulmonary hypertension via hypoxic pulmonary vasoconstriction (22, 24) , is often used to induce chronic pulmonary hypertension in animal models. In addition, hypoxia-induced pulmonary hypertension (HPH) is a consequence of living at altitude and of chronic lung diseases such as chronic obstructive pulmonary disease, cystic fibrosis and sleep apnea (19, 21, 24, 28) . One characteristic of HPH is pulmonary vascular remodeling, which is characterized by cellular hypertrophy and hyperplasia and increased extracellular matrix (ECM) deposition in large and small arteries (9, 22, 24) . More specifically, hypertrophy and hyperplasia of fibroblasts, smooth muscle cells, To whom correspondence should be addressed: Naomi C. Chesler and endothelial cells as well as accumulation of collagen, elastin, and fibronectin are known to occur (12) . A second consequence of HPH is airway remodeling via thickening of airway fibrous tissue and smooth muscle layers (10) . The structural and biomechanical changes that result from vascular and airway remodeling alter the hemodynamic and airflow environments, which then perpetuate the remodeling. Thus, understanding the processes of pulmonary vascular and airway remodeling are critical to prevention and treatment strategies.
Collagen, one of the major structural components in the ECM of vessels, airways, and the lung parenchyma, plays an important role in hypoxia-induced pulmonary vascular and airway remodeling (25, 27) . Collagen synthesis and degradation are regulated by matrix metalloproteinases (MMPs) and tissue inhibitors of MMPs (TIMPs). Since collagenases (MMP-8, and MMP-13) have substrate affinity for fibrillar collagen (types I and III), and gelatinases (MMP-2 and MMP-9) have substrate affinity for basement membrane collagen (type IV), the gene expression and enzymatic activity of these proteins are likely to be critical to the accumulation of collagen in the vasculature and airways with HPH. Similarly, the gene expression of tissue-inhibitors of MMPs (TIMPs), which inhibit proteolytic activation of latent MMPs and enzymatic activities of active MMPs, can limit collagen degradation.
With the goal of advancing our understanding of the earliest aspects of pulmonary remodeling in response to HPH, we investigated the expression of genes and proteins involved in collagen synthesis and degradation. To do so, we exposed C57BL/6J mice to hypobaric hypoxia for two weeks and measured the gene and protein expression of fibrillar and basement membrane collagen, MMPs, and TIMPs at five time points in this period. We also qualitatively and semiquantitatively analyzed fibrillar collagen protein content in large and small vessels and airways and measured collagen content in whole lungs. We found significant increases in collagen gene expression over time and also increased lung collagen content over time. Interestingly, the collagen type with the earliest and most dramatic increase in gene expression (fibrillar type I) did not accumulate in the lung except in large airways. The gene expression levels of MMPs and TIMPs, as well as the enzymatic activity of MMPs, were variable, suggesting complex time-dependent regulation of collagen synthesis and degradation during pulmonary vascular and airway remodeling in HPH.
Materials and Methods

Experimental protocol
Six to eight-week-old C57BL/6J male mice were obtained from Jackson Laboratories (Bar Harbor, ME). Mice were exposed to hypobaric hypoxia in a small altitude chamber that generates an equivalent inspired oxygen level of 10% by reducing barometric pressure to 380 mmHg as previously described (13) . Exposure durations were 3, 6, 10 and 15 days. Control (0-day) mice were exposed to neither hypoxic nor hypobaric conditions. Following completion of the prescribed exposure duration, mice were euthanized with a pentobarbital injection (0.4 mg/g body weight). The heart and lungs were removed en bloc and rinsed in Dulbecco's PBS (without CaCl 2 or MgCl 2 , Sigma Chemical Co., St. Louis, MO). All protocols and procedures were approved by the University of Wisconsin Institutional Animal Care and Use Committee.
Semi-quantitative reverse-transcriptase multiplex PCR
For gene expression studies, right lung lobes stored in RNALater (Ambion Inc., Austin, TX) were flash frozen in liquid nitrogen and homogenized. Total RNA was extracted with the RNeasy Mini Kit according to the manufacturer's instructions (Qiagen, Valencia, CA). The concentration of the isolated total RNA was quantified on a NanoDrop spectrophotometer (NanoDrop Technologies, Rockland, DE). Total RNA (250 ng) was reverse transcribed with 1 µM oligo dT primers (Ambion Inc., Austin, TX) and Omniscript reverse transcriptase according to manufacturer's instructions (Omniscript RT, Qiagen). PCR was performed using the Multiplex PCR Kit (Qiagen) in a 25 µL reaction volume containing 5 µL of cDNA and 0.2 µM each of sense and anti-sense primers of similar melting temperatures (60 °C) for the target gene and the reference housekeeping gene, β-actin. Cycling conditions for PCR amplification were performed a protocol optimized in preliminary studies. PCR products were electrophoresed in agarose and stained with ethidium bromide. The semi-quantitative band density was determined using Kodak 1D Image analysis software (version 3.5, Scientific Imaging Systems, New Haven, CT). Most primers were outlined with Primer3 software (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) and were analyzed for specificity in Basic Local Alignment Search Tool ( Table 1 ). The primers for MMP-9 were obtained from previously published mouse sequences (17) . All primers were purchased from Integrated DNA Technologies (Coralville, IA).
The relative band density, which is proportional to the relative mRNA level of the target gene in the lung extract, was calculated as target gene band density normalized to β-actin band density. Although β-actin gene expression has been previously reported to vary with normobaric hypoxia (30), we analyzed β-actin gene expression from the 22 gels and found no significant differences between 0-day and all other time points (p = 0.87). Then, to express the relative density results as percent change relative to control, the relative densities of each target gene at 3, 6, 10, and 15 days of exposure to hypoxia were normalized to the respective controls. Note that the 0-day values were normalized to the mean 0-day value; the percent change was found by subtracting 1, which yielded a mean percent change of zero. This normalization method was used for each target gene.
Hydroxyproline
Lung tissue was analyzed for collagen content with a hydroxyproline assay modified from (29) . The tissue concentration of hydroxyproline, an amino acid specific to the collagen molecule, is directly proportional to the tissue concentration of collagen (all subtypes). Identical sections from the left lung were taken from each mouse, flash frozen and homogenized with mortar and pestle. Samples were subsequently digested in papain solution (2.4 U/ml in 20 mM sodium phosphate buffer, pH 6.8, containing 1 mM ethylenediaminetetraacetic acid and 2 mM dithiothreitol) at 60°C overnight. Samples were then hydrolyzed (autoclaved for 20 minutes with 2 N hydrochloric acid) and neutralized (cooled to 25°C with 2 N NaOH). Hydroxyproline content was determined by oxidation with chloramine T and development with p-dimethylaminobenzaldehyde; hydroxyproline content was quantified by absorbance at 550 nm with a BioTek PowerWave HT Microplate Spectrophotometer after samples were heated to 60°C in a water bath for 30 minutes.
SDS-page zymography
Lung tissue was analyzed for proteins with matrix-degrading activity with SDS-page zymography following established techniques (5) . With this method, after electrophoretic migration, proteins with gelatinolytic activity can be detected due to their capacity to digest gelatin substrate in SDS-page gels. Tissues were mortar-and-pestle homogenized and placed in a lysis solution of 1% by volume Triton X-100, 0.1% SDS, 0.5% sodium deoxycholate, and . 02% sodium azide in PBS stored at 4°C. Protein concentrations were assayed using the NanoDrop spectrophotometer such that equal amounts of protein (30 µg) were loaded in each lane. Electrophoresis was performed in the presence of SDS in gels containing 10% gelatin (Invitrogen, Caslsbad, CA). After electrophoresis, proteins were renatured by exchanging SDS with Triton X-100 (2 15 min incubations with 2.5% Triton X-100; Sigma). The gels were subsequently incubated overnight at 37°C in 50mM Tris HCl, pH 7.4, containing 10mM CaCl 2 and 0.05% Brij 35. At the end of the incubation, gels were stained with Coomassie Brilliant Blue G (Sigma) for 1 hour. Proteins having gelatinolytic activity were then visualized as areas of lytic activity (white) on an otherwise intact (blue) gel. Migration of proteins was compared with that of prestained low-molecular-weight range markers (Fisher). The Quantity One program was used to quantify the gelatinolytic activity data.
Immunohistochemistry
Whole lungs and right main pulmonary arteries (PAs) were used for immunohistochemical analysis of collagen protein content. PAs were submerged in fresh PBS, cleared of excess connective tissue and excised between the first and second pulmonary bifurcations. Lungs were perfused through the trachea with freezing compound OCT at constant pressure of approximately 10 cm H 2 O. Tissues of either type were then washed in fresh PBS and snapfrozen in an OCT-filled cryomold submerged in 2-methyl butane cooled by liquid nitrogen. PAs were frozen at nearly zero transmural pressure. Two 7 µm-thick sections from the proximal and distal ends of each PA and four 7 µm-thick transverse sections (each section about 500 µm apart starting from the midlung) were cut at −20 °C on a cryostat.
Sections were stained with type I collagen primary antibody (rabbit polyclonal, 100 µg/ml, US Biological, Swampscott, MA) diluted 1:100 in PBS. Sections were then incubated with secondary antibody conjugated to horseradish peroxidase (goat anti-rabbit, Jackson ImmunoResearch Laboratories, West Grove, PA). DAB chromogen (Dako Cytomations, Carpinteria, CA) was used as a substrate, yielding a brown labeling product. The sections were counterstained with hematoxylin to identify cell nuclei (stained blue). The primary antibody was replaced with non-immune serum for negative control slides. Sections were imaged on an inverted microscope (TE-2000, Nikon, Melville, NY). Spot camera and Metavue software (Optical Analysis Systems, Nashua NH) were used for image capture and semi-quantitative image analysis, respectively.
Intimal-to-adventitial wall thickness measurements of the right main PAs of mice exposed to normobaric hypoxia (0 days) or long-term hypobaric hypoxia (10 and 15 days) were made by a single observer blinded to experimental condition. Two representative fields of view (FOV) were chosen (one each from the proximal and distal ends) and viewed at 20× magnification. Wall thickness was measured as described previously (13) . To quantify the type I collagen content in right main PAs, methods previously established for measuring overall collagen content (by picrosirius red staining) were used (13) . In particular, the area positive for type I collagen was identified by color thresholding for brown staining in the FOV. The total tissue area was identified in the same FOV. Then, the area positive for type I collagen was divided by the total tissue area to generate percent type I collagen in the FOV. The equivalent type I collagen thickness was computed as the percent collagen multiplied by the mean wall thickness for each vessel.
Quantification of type I collagen content in the arteries, large airways and alveoli in the lungs of mice exposed to normobaric normoxia (0 days) or hypobaric hypoxia (3, 6, 10, and 15 days) was also performed by a single observer blinded to experimental condition with a novel approach. In the lung, the arteries were identified by the presence of circumferentially aligned smooth muscle cells, whereas the airways were identified by the presence of circumferentially aligned epithelial cells. First, sections from multiple lungs at each condition were analyzed qualitatively. Then, semi-quantitative analysis was performed to corroborate the qualitative results but only on one lung at each condition due to inconsistencies in airway inflation. For these well-inflated lungs, five to ten identically-sized, large FOV in each of the four transverse sections (viewed at 10× magnification) were analyzed. The area positive for type I collagen as well as the total tissue area were measured after color thresholding in each FOV. The area positive for type I collagen was divided by the total tissue area to generate percent type I collagen in the FOV. In addition, to preliminarily investigate whether the changes in type I collagen were attributable to changes in the small to medium-sized intralobar arteries or the small airways, regions containing muscular arteries and regions containing no muscular arteries were analyzed separately. Muscular-artery FOV contained muscular vessels adjacent to conducting bronchioles; at least two were chosen in each large FOV selected as described above. Non-muscular-artery FOV contained prealveolar, resistance vessels and alveoli; at least two were chosen in each large FOV. The inner diameters of the vessels in the muscular-artery regions were also measured. Several groups have used similar approaches to shift from conventional, qualitative visual scoring systems to software-assisted quantitative techniques successfully (1, 15) .
Statistical analysis
Comparisons between the control and experimental groups were performed using ANOVA. Dunnett's multiple testing procedure was used. Sample sizes of 5 were used for all gene expression assays and semi-quantitative analysis of immunohistochemistry on extrapulmonary conduit arteries. Sample sizes of 3 at each duration of hypoxia were used for hydroxyproline and zymography assays. All statistical analyses were performed with SAS software (version 8.2, SAS Institute Inc., Cary, NC). Values are expressed as mean + SD, with a value of p < 0.05 versus normalized control considered significant. All p values were two-sided.
Results
Evidence of HPH
In mice exposed to 10 days of hypoxia, right ventricular free wall weight normalized to body weight was significantly elevated (1.3 ± 0.2 vs. 0.9 ± 0.1 g/g BW; p<0.005), which provides evidence of right ventricular hypertrophy in response to HPH. Normalized left ventricular free wall weight was not changed (3.7 ± 0.3 vs. 3.5 ± 0.2 g/g BW; p=0.33).
Gene expression of collagen and collagen content
Chronic exposure to hypoxia results in pulmonary vascular remodeling including cellular hypertrophy and hyperplasia as well as increased ECM deposition (16) . To determine the individual contributions of fibrillar and basement membrane collagen to pulmonary vascular remodeling with HPH, we investigated temporal changes in gene expression of these collagen subtypes. Densitometric analysis for fibrillar procollagen (Figure 1 ) revealed that mRNA levels increased progressively with exposure to hypoxia. Specifically, mRNA levels of procollagen α1(I), α2(I) and α1(III) were all increased at 15 days. mRNA levels of procollagen α1(I) increased earliest (at 6 days) and to a greater degree than α2(I) or α1(III). Basement membrane procollagen α2(IV) expression (Figure 2 ) was increased with long-term hypoxia (10 and 15 days) only. Neither short-nor long-term hypoxia had significant effects on mRNA levels of procollagen α1(IV).
To assess temporal changes in collagen protein expression, whole lung collagen protein content was measured by the hydroxyproline assay. We found that collagen protein expression was increased as early as 6 days and increased monotonically with longer durations of hypoxia ( Figure 3 ).
Because type I collagen was most increased in terms of gene expression, we assessed the local distribution of type I collagen in the lung. Qualitatively, whole lung immunohistochemistry revealed that at all time points, type I collagen was localized within the intralobar pulmonary vasculature and in the subepithelium of the airways. Upon inspection it was evident that type I collagen content increased with long-term hypoxia in the subepithelium of conducting airways (data not shown). Type I collagen accumulation in small and medium-sized intralobar arteries and airways was not evident by qualitative analysis of multiple lungs, a null finding which was corroborated by semi-quantitative analysis of multiple sections from one lung at each condition. Figure 4(a) shows a representative "whole lung" large FOV from a mouse exposed to 10 days of hypoxia. Representative "muscular-artery" (outlined in red) and "nonmuscular-artery" (outlined in green) small FOV are also indicated. The amounts of type I collagen, as a percentage of tissue content, in the whole lung, muscular-artery regions, and non-muscular-artery regions are shown in Figure 4 (b). No changes with exposure to hypoxia were significant. The muscular-artery regions contained mainly small (25-75 µm) and medium-sized (75-150 µm) muscular arteries. The percentage of type I collagen in these size ranges of vessels are shown in Figure 4(c) . Again, no changes with exposure to hypoxia were significant, in agreement with the qualitative results.
Prior work has demonstrated collagen accumulation in mouse extralobar PAs with hypoxia via picro-sirius red staining (13) . To assess the individual contribution of type I collagen, we used a type I collagen specific antibody to investigate temporal changes in protein content in the right main PA ( Figure 5 ). In each panel, the intima is at the top of the image. The structure of these vessels was consistent with that of large elastic arteries, with three to four elastic lamellae in the media and few smooth muscle cells interspersed. Wall thickness of right main PAs increased significantly with long-term hypoxia. At 0 days, the mean wall thickness was 27 ± 7 µm and increased to 36 ± 7 µm and 39 ± 7 µm, respectively by 10 and 15 days (p < 0.05).
Type I collagen was evident in the adventitia of right main PAs at all time points. Interestingly, at 15 days of exposure to hypoxia, type I collagen could be seen in the media and the intima as well. The percentage of type I collagen in the right main PA wall did not change significantly with hypoxia. At 0 days, the mean percentage of type I collagen in the artery wall was 57 ± 7 %, while at 10 and 15 days, it was 56 ± 12 % and 60 ± 2 %, respectively. Type I collagen thickness (percent type I collagen multiplied by wall thickness) in the arterial wall increased slightly but not significantly with hypoxia.
Gene and protein expression of regulators of collagen
MMP gene expression changed significantly with both short-and long-term hypoxia although the degree of change and direction of change (increase vs. decrease) were highly exposuredependent and MMP-type-dependent. Regarding gene expression of collagenases (Figure 6 ), hypoxia increased MMP-8 mRNA levels at 3, 6 and 15 days of hypoxia. Hypoxia had no significant effect on MMP-13 gene expression until 15 days, at which time it was decreased below control levels. Regarding gene expression of gelatinases (Figure 7 ), MMP-2 gene expression increased with long-term hypoxia (10 and 15 days) only. No changes in MMP-9 gene expression were significant. Exposure to hypoxia also had no significant effects on gene expression of TIMP-1 (Figure 8 ). TIMP-2 mRNA levels were increased over control levels at 6 days and 15 days (Figure 8 ).
While increases in gene expression of MMP-2 were not detected until 10 days of hypoxia, MMP-2 protein activity, as measured by SDS-PAGE zymography, tended to be increased over control conditions as soon as 3 days of HPH (Figure 9 ). Nearly all the MMP-2 detected for all exposure durations was in the active form. Total MMP-2 activity remained elevated over control until 15 days of hypoxia. In contrast, the protein expression of MMP-9 was variable, tending to increase with short-term hypoxia and decrease with long-term hypoxia, although these changes did not reach statistical significance.
Discussion
Collagen accumulation in the lung can promote the progression of pulmonary hypertension by increasing vascular impedance; it can also alter lung function by decreasing airway compliance. In whole lung homogenates, we observed a significant increase in collagen content with exposure to hypoxia. To identify the changes in gene expression that led to increased lung collagen content, we measured the time-dependent expression of genes involved in pulmonary collagen synthesis and degradation. Our major findings are that gene expression of fibrillar type I collagen is quickly and dramatically increased over control levels with exposure to hypoxia but that protein expression of fibrillar type I collagen does not increase accordingly, except in conducting airways. We also found increases in basement membrane collagen gene expression with long term hypoxia and complex, time-dependent fluctuations in collagenase, gelatinase and TIMP gene expression and gelatinase activity. These gene-level and proteinlevel changes have important implications for the pulmonary vascular and airway function changes that occur early in HPH.
Collagen-related gene expression
The most substantial change in gene expression we measured was in procollagen α1(I), which increased significantly after just 6 days of hypoxia. Gene expression levels of other subtypes (procollagen α2(I), α1(III), and α2(IV)) were elevated at later time points only, and less dramatically. The increase in procollagen α1(I) gene expression with short-term exposure to hypoxia is in agreement with results from previous studies in rats (3, 20) . Both Berg et al. and Poiani et al. exposed rats to normobaric hypoxia and measured mRNA levels of procollagen α1(I) in the lung parenchyma (3) and the right and left main extralobar PAs (20) with methods similar to ours. However, with long-term hypoxia, we found increased gene expression of procollagen α1(I) whereas in these other studies, the levels returned toward control values (3, 20) . While differences in species and mode of hypoxia exposure (normobaric vs. hypobaric) cannot be ignored, we speculate that the increase we found is due to increased fibrillar collagen gene expression in medium-sized intralobar arteries and medium-sized and large airways, which were not measured by Berg et al. or Poiani et al. An advantage of the whole lung assay is incorporation of all sizes of arteries and airways in the analysis; a disadvantage is that the size-and compartment-(vascular vs. airway) related differences in expression cannot be determined.
Increased gene expression for collagen is not the only determinant of collagen protein accumulation. Collagen accumulation, redistribution and degradation are also affected by changes in MMP and TIMP gene expression, protein expression and enzymatic activity. That is, the progressive increase in gene expression of fibrillar collagen is unlikely to lead to protein accumulation unless MMP and TIMP gene expression and activity levels remain constant or favor accumulation over degradation. In terms of fibrillar collagen, the upregulation of MMP-8 gene expression at 3, 6 and 15 days of hypoxia should promote degradation but could also be offset by upregulation of TIMP-2 at 6 and 15 days. Analogously, the increase in gene expression of basement membrane procollagen precursors at 10 and 15 days could be counterbalanced by the dramatic increase in MMP-2 gene expression at these time points. Indeed, given that MMP-2 activity also increased with hypoxia duration, as found previously by Frisdal et al. (8) , significant accumulation of basement membrane collagen with hypoxia is unlikely.
Enzyme expression and activity are critical to the balance between protein accumulation and degradation. Because the relationship between gene expression and protein expression is unlikely to be linear for any one gene or identical for different genes, we also measured protein content in whole lungs and large vessels for the one collagen type for which gene expression was most increased in whole lung homogenates: fibrillar type I collagen.
Fibrillar type I collagen protein content and distribution
Although gene expression of procollagen α1(I) and α2(I) increased progressively over time in whole lung homogenates, type I collagen protein content was not significantly increased with hypoxia in intralobar vessels or in small airways and alveoli. In large conduit, extralobar PAs, more type I collagen was evident in the media and intima with long-term hypoxia but the percentage increase was not significant. We and others have found that total collagen protein content in the PAs increases with HPH, as measured by the hydroxyproline assay (20, 25) and picrosirius red staining (13) . Thus, accumulation of type III collagen may be an important contributor to HPH-induced vascular remodeling.
Implications
Vascular remodeling can either be eutrophic, which involves rearrangement and redistribution of material around a smaller lumen, or hypertrophic, which involves accumulation of material and wall thickening (11, 18) . Both types of remodeling may contribute to the narrowing of small, distal pulmonary arteries that increases pulmonary vascular resistance in HPH (9, 16, 22) and the non-specific collagen accumulation in large, conduit arteries (13) . An important consequence of collagen accumulation in large arteries is increased stiffness (11, 18) , which can increase the pulmonary vascular impedance and, consequently, the right ventricular afterload (26) .
The increase in type I collagen in large conducting airways we observed with long-term hypoxia may be partly responsible for airflow limitation (10) and altered lung function (23) that has been found with HPH. Changes in large airways are unlikely to account for increased in airway resistance associated with chronic hypoxia (23); thus we speculate that fibrillar type III collagen accumulation in the small airways also contributes to impaired pulmonary function in HPH.
Genetic manipulation of the laboratory mouse is a powerful tool for investigating mechanisms of human disease. For example, mutations in the gene encoding for bone morphogenic protein receptor type II (BMPR2) have been reported in 50 % of cases of familial pulmonary hypertension (14) . As a consequence, mouse models with BMPR2 mutations have been generated to investigate the role of BMPR2 in the etiology of pulmonary hypertension (2, 6) . However, the characterizations of the pulmonary phenotype in most genetically engineered strains of mice have been limited to muscularization of the PAs. Alterations in collagen metabolism with pulmonary hypertension -and the consequences for pulmonary vascular and airway biomechanics and hemodynamics -have not been investigated. C57BL/6J mice are typically the genetic background for genetically engineered strains. Thus, with the caveat that many aspects of human disease are not mimicked by mouse models -particularly the extent to which SMC proliferation and ECM accumulation lead to vaso-occlusive plexiform lesions -our results provide important baseline information for understanding the role of BMPR2 and other mutations in the time-dependent changes in collagen remodeling in response to HPH.
Experimental considerations
Here we found changes in gene expression of collagen, MMPs and TIMPs in response to shortand long-term hypoxia. We also found changes in collagen content and enzyme activity although these were only significant at some time points; more of these changes may have become significant with larger sample sizes. In addition, while the changes in collagen, MMP and TIMP gene expression were statistically significant in whole lung sections, our techniques did not differentiate between gene expression changes in the airways and vasculature. Laser capture microdissection can achieve this goal in the pulmonary vasculature (7) . Another less precise method of differentiating arterial changes in gene expression from airway changes is parenchymal tissue excision (3, 4) . In this approach, thin slivers of lung are sectioned from the most distal part of the lobe and the gene expression in these samples are assumed to reflect changes in airways and capillaries but not arteries, veins, arterioles or venules. Finally, evaluating changes in gene expression specifically in large PAs is technically possible since these can be dissected using microsurgery techniques. However, the amount of tissue available from mouse lungs is small and, in our hands, precluded consistent measurement of gene expression.
In summary, our results show progressive increases in whole lung fibrillar collagen gene expression and overall collagen protein content during exposure to hypoxia and consequent HPH. We also found time-dependent changes in gene expression levels of basement membrane collagen, MMPs and TIMPs, which were suggestive of accumulation of fibrillar collagen protein and redistribution of basement membrane collagen protein. Changes in lung collagen content, as regulated by changes in gene expression, protein expression and enzyme activity of collagens, MMPs and TIMPs, alter vascular and airway structure and function. By detailing these changes, we gain insight into the earliest pathophysiological changes that determine vascular and airway remodeling and ultimately vascular and airway mechanics. Densitometric analyses of mRNA levels of fibrillar procollagen normalized to β-actin mRNA levels expressed as percent change relative to control. Values are shown as mean + SD (n = 5 in each group except for 0-day, which has n = 10); * indicates p < 0.05 versus 0-day. Densitometric analyses of mRNA levels of basement membrane procollagen normalized to β-actin mRNA levels expressed as percent change relative to control. Values are shown as mean + SD (n = 5 in each group except for 0-day, which has n = 10); * indicates p < 0.05 and ** indicates p < 0.001 versus 0-day. Hydroxyproline content in lung tissue of mice exposed to hypobaric hypoxia normalized by tissue wet weight. Values are shown as mean + SD (n = 3 in each group); * indicates p < 0.05 and ** indicates p < 0.001 versus 0-day. Immunohistochemistry results. (a) Representative micrograph for type I collagen in a "whole lung" FOV of a mouse exposed to 10 days of hypobaric hypoxia. Type I collagen is identified by DAB chromogen (brown); tissue is counterstained with hematoxylin (blue). Within this large FOV, the region outlined in red indicates a "muscular-artery," small FOV, while the region outlined in green indicates a "non-muscular-artery," small FOV. Scale bar is 300 µm (b) Percentage of collagen in the whole lung, as well as in the muscular-artery and nonmuscular-artery FOVs, of mice exposed to normobaric normoxia (0 days) or hypobaric hypoxia Immunolocalized type I collagen in right main pulmonary arteries of mice exposed to normobaric normoxia (0 days) or long-term hypobaric hypoxia (10 and 15 days). The intima is located at the top of each panel. Red arrow on top row highlights type I collagen deposition in the intima. Type I collagen is identified by DAB chromogen (brown); tissue is counterstained with hematoxylin (blue). Scale bar is 10 µm for all images. Magnification ×40. Representative of arteries from five mice per time point. Densitometric analyses of mRNA levels of collagenases normalized to β-actin mRNA levels expressed as percent change relative to control. Values are shown as mean + SD (n = 5 in each group except for 0-day, which has n = 10); * indicates p < 0.05 versus 0-day. Densitometric analyses of mRNA levels of gelatinases normalized to β-actin mRNA levels expressed as percent change relative to control. Values are shown as mean + SD (n = 5 in each group except for 0-day, which has n = 10); * indicates p < 0.05 and ** indicates p < 0.001 versus 0-day. Densitometric analyses of mRNA levels of TIMPs normalized to β-actin mRNA levels from lung tissue of mice exposed to hypobaric hypoxia. Results are expressed as percent change relative to control. Values are shown as mean + SD (n = 5 in each group except for 0-day, which has n = 10); * indicates p < 0.05; ** indicates p < 0.001 versus 0-day. Gelatinase activity in lung tissue of mice exposed to hypobaric hypoxia as a percent change relative to control. Values are shown as mean + SD (n = 3 in each group); * indicates p < 0.05 versus 0-day.
